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The formation of spatially indirect excitons in superlattices with narrow minibands is theoretically and
experimentally investigated. We identify the experimental conditions for the observation of interwell excitons
and find a distinct excitonic state energetically located between the 1s exciton and the onset of the miniband
absorption. The interwell exciton is similar to the first Wannier-Stark localized exciton of an electrically biased
superlattice. However, in the present case the localization is mediated by the Coulomb interaction of the
electron and the hole without external fields. @S0163-1829~96!00739-4#
The excitonic properties of semiconductor superlattices
have attracted considerable interest during the recent past.
The gradual transition of the electronic and optical proper-
ties, from isolated quantum wells to those of a three-
dimensional solid for increasing miniband width, has been
studied earlier experimentally1–3 and theoretically.1,4,5 These
reports were focused on the observation of the predicted
M 1 exciton associated with the upper miniband edge. The
quality of the experimental data was recently disputed,6,7 and
attempts were made using photocurrent and photoreflectance
spectroscopy in addition to excitation spectroscopy. In these
reports a feature associated with the lower miniband edge
was resolved for some sample parameters but was not given
any further attention.
By applying an electric field in the superlattice growth
direction, the electron and hole wave functions localize to
individual wells. This Wannier-Stark localization was ob-
served experimentally by Mendez et al.8 and Voisin and
co-workers9 leading to the experimental observations of
Bloch oscillations by beats in the four-wave mixing signals10
and in the emission of electromagnetic radiation at the Bloch
frequency.11 These phenomena are a consequence of the spa-
tially indirect nature of the first Wannier-Stark localized
state.
Similar effects have been studied in coupled double quan-
tum wells. The resonant coupling of identical wells splits the
exciton of the isolated wells into a symmetric/antisymmetric
pair. Applying an electric field in the growth direction breaks
the inversion symmetry of the structure and spatially indirect
interwell excitons form. For increasing fields the symmetric/
antisymmetric splitting decreases and the double quantum
well retains the properties of the single quantum well in the
limiting case.12 Symmetric double quantum wells have also
recently been studied in the presence of a magnetic field.13 It
was found that a magnetic field perpendicular to the plane of
the coupled quatum wells strongly modifies the exciton
states and at a given symmetric/antisymmetric splitting trans-
forms the system into the weak coupling regime.
In this paper, we demonstrate theoretically and experi-
mentally that interwell excitons also can form in superlat-
tices without externally breaking the inversion symmetry.
For superlattices with narrow minibands the Coulomb inter-
action of electrons and holes in adjacent wells is sufficient to
localize the superlattice state and form interwell excitons.
The interwell exciton is observed directly in photolumines-
cence ~PL! and absorption experiments. We confirm the 1s
in-plane character of the interwell exciton by recording its
diamagnetic shift in photoluminescence excitation ~PLE!
spectra for varying magnetic fields in the growth direction.
The electronic coupling of states in a multiple quantum
well structure forming a superlattice is characterized by a
miniband width. A miniband is associated with both the con-
duction (c) and the valence (v) band states, and the com-
bined miniband width, D5Dc1Dv , is the sum of the con-
duction and the valence miniband widths. We have earlier
argued14 that a condition for the formation of interwell exci-
tons is that the combined miniband width is smaller than the
exciton binding energy of the isolated quantum well (Eb2D),
and the interwell Coulomb energy E IW5e2/ed , where e is
the dielectric constant, and d is the superlattice period length,
i.e., that
D,E IW,Eb
2D
. ~1!
For superlattices with narrow barriers both the interwell
Coulomb energy and the combined miniband width is larger
than the exciton binding energy of the isolated quantum well.
For increasing barrier width the combined miniband width
decreases exponentially. However, the interwell Coulomb
energy decreases as 1/d and at some barrier width we find
that Eq. ~1! is satisfied.
For superlattices with very narrow miniband widths one
has to realize that the oscillator strength of the interwell ex-
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citon is very small and the effect is negligible. For an experi-
mental observation, a superlattice sample has to be realized
that satisfies Eq. ~1! and have a miniband wide enough to
give the interwell exciton sufficiently oscillator strength to
be measured. We find that this criterion is met in a
GaAs/Al 0.3Ga 0.7As multiple quantum well structure with
wells of 80 Å and barriers of 50 Å . For these structural
parameters, we find that Eb
2D'11.5 meV and that the inter-
well Coulomb energy is estimated to E IW'8.5 meV. The
combined miniband width of the corresponding superlattice
is estimated, using a modified Kronig-Penney model,15 to be
2.6 meV.
For a calculation of the bound exciton states, we solve the
k-space version of the exciton effective mass equation:
@En
e~kW i!1Em
h ~kW i!#Gn ,m~kW i!
1 (
n8,m8
(
kW i8
V
n8,m8
n ,m
~kW i ,kW i8!Gn8,m8~kW i8!5EGn ,m~kW i!,
~2!
where Gn ,m(kW i) is the exciton relative motion envelope func-
tion, and n and m run over conduction and valence band
states, respectively. In the present calculation, we sum over
the number of wells and neglect higher excited subbands.
The Coulomb interaction term is given by
V
n8,m8
n ,m
~kW i ,kW i8!5
2e2
eukW i2kW i8u
E E f n8~zc! f n~zc! f m8~zv!
3 f m~zv!exp~2ukW i2kW i8uuzc2zvu!dzcdzv ,
~3!
where f n(zc) and f m(zv) are the conduction band and va-
lence band envelope functions, respectively. The exciton
wave function is written as
cx~rW i ,zc ,zv!5(
n ,m
(
k i
Gn ,m~kW i! f n~zc!uc~rW ! f m~zv!uv~rW !,
~4!
where uc ,v(rW) are the periodic parts of the Bloch functions
for the conduction and valence bands, respectively. In the
present calculation, the effects of band mixing are neglected
and only heavy hole states are included. The presented data
are for a calculation including five wells. The solution of Eq.
~2! gives not only the ground state exciton but also the ex-
cited state excitons and their envelope functions. The five
lowest lying solutions to Eq. ~2! are almost degenerate and
correspond to the intrawell excitons of the isolated quantum
wells. We also find eigenvalues of Eq. ~2! 7 meV above the
lowest lying states with substantial oscillator strength
('10% of the intrawell excitons!. These states are of 1s
character, i.e., without nodes in the in-plane envelope func-
tion. The square of the exciton envelope function for such a
state is shown in Fig. 1, where ucx(zc ,zv)u2 represents the
probability of finding the electron at zc and the hole at zv . It
is clear from the figure that the electron and the hole parts of
the exciton are confined to different wells, i.e., we are deal-
ing with interwell excitons. However, note that the solution
consists of two degenerate pairs of opposite symmetry re-
storing the total inversion symmetry of the structure.
A sample structure was grown by molecular beam epitaxy
on a semi-insulating GaAs substrate, and was composed of
20 wells of 80 Å GaAs separated by 50 Å barriers of
Al 0.3Ga 0.7As. Low-temperature PL experiments were per-
formed in a continuous-flow He cryostat held at 4 K. The
luminescence was excited by the 632.8 nm line of a HeNe
laser and the signal was recorded using a photon counting
system and a cooled GaAs-cathode-photomultiplier tube.
The PLE experiments were conducted in a He cryostat with
a superconducting solenoid for a variable magnetic field up
to 13 T, using a tunable cw Ti:sapphire laser as an excitation
source. In the PLE experiments a magnetic field parallel to
the superlattice direction was used. For transmission experi-
ments samples were lifted off the substrate and mounted on a
sapphire disk. The transmission spectra were recorded by an
optical multichannel analyzer using white light from a tung-
sten halogen lamp.
The PL and absorption spectra for the sample are shown
in Fig. 2. Heavy and light hole exciton absorption peaks are
easily identified in the absorption spectrum. In addition, a
clear absorption peak 6.8 meV above the heavy hole exciton
line is seen in the spectrum. A feature (IHH) is seen in the PL
data coinciding with the peak seen in the absorption spec-
trum at the high energy side of the main heavy hole exciton
luminescence line (DHH). Luminescence from the light hole
exciton was only observed at higher temperature or at the
highest excitation densities. The shoulder on the low energy
side of the DHH line is due to excitons localized on impuri-
ties and defects.
The strength of the IHH feature in both the absorption and
luminescence experiment indicate that the feature is not re-
lated to the usual 2s state of the exciton seen in isolated
quantum wells. Comparing the luminescence and absorption
data also shows that the IHH feature is not in thermal equi-
librium with the 1s state of the heavy hole exciton (1sHH!
FIG. 1. Exciton envelope function for the interwell exciton in a
GaAs-Al0.3Ga0.7As multiple quantum well with 80 Å wells and 50
Å barriers.
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as expected for the 2sHH state. In fact, we observe a much
higher population of the IHH state than expected from ther-
mal population from the 1sHH exciton, indicating a slow
transfer of carriers between the two states. This is the ex-
pected behavior of interwell excitons since they can only
relax to the intrawell exciton state by a phonon assisted tun-
neling process.16
For further confirmation that the IHH feature is indeed the
interwell exciton, we have performed PLE measurements in
magnetic fields. In the weak field limit, where the cyclotron
energy is much less than the exciton binding energy, the
diamagnetic shift of an exciton is proportional to the square
of the exciton radius and inversely proportional with the ex-
citon binding energy. The radii of an exciton series in two
dimensions can be expressed as an5a0(2n11), where
n50,1, . . . is the exciton quantization number.17 Hence, the
ratio of the diamagnetic shifts of the 1s and the 2s excitons
equals 9. The interwell exciton has approximately half the
binding energy of the 1sHH exciton and we would expect to
find a ratio of the interwell and 1sHH diamagnetic shifts
near 2.
Figure 3 shows PLE spectra from the sample for different
magnetic fields. The 1sHH and 1sLH excitons show large
oscillator strengths and can easily be identified. With in-
creasing magnetic field they exhibit a diamagnetic shift,
which is larger for the heavy hole than for the light hole
exciton because of the larger binding energy of the light hole
exciton. In fact, we observe a near zero diamagnetic shift of
the 1sLH exciton, which we attribute to a stronger superlat-
tice effect on the light hole states. This is similar to the
observation by Butov et al.13 where, in strongly coupled
quantum wells, the magnetic field transformed the system
into the weak coupling regime.
In addition to the ground state excitons, which transform
with increasing magnetic field into the lowest Landau levels
(N 5 0!, a large number of transitions is observed which can
be attributed to higher Landau levels (N. 1! originating
from excited excitonic states at B 5 0. Only excitons com-
posed of electrons and holes with the same Landau level
quantum number N are optically active. In Fig. 3, the
2sHH, 3sHH, and 4sHH magnetoexcitons can be clearly
identified. The 2sHH state can be resolved even at small
magnetic fields around 1 T. For increasing magnetic field
this magnetoexciton state crosses the 1sLH state, which is
allowed due to their different symmetry character. However,
FIG. 3. Photoluminescence excitation spectroscopy at different
magnetic fields.
FIG. 4. Exciton peak positions as a function of magnetic field.
FIG. 2. Photoluminescence and absorption spectra of the sample
at 5 K.
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in the region of crossing of these states a redistribution of the
oscillator strengths is observed due to HH - LH mixing.13
The IHH state observed in the PL and absorption spectra is
clearly resolved in the PLE spectra. This state demonstrates a
stronger diamagnetic shift than the 1sHH exciton, and based
on the magneto PLE data, we will now prove that the IHH
state is indeed the interwell exciton. The shifts of the differ-
ent excitonic states with magnetic field are shown in Fig. 4.
By fitting a quadratic expression to the data in Fig. 4, we find
the diamagnetic shift of the 1sHH exciton to be 26.4
meV/T2, in good agreement with earlier published values
~29 meV/T2 for a 75 Å well!.18 A larger diamagnetic shift of
45.3 meV/T2 is found for the IHH exciton. The ratio of the
diamagnetic shifts of the IHH and the 1sHH is thus 1.85,
clearly showing that the IHH state is unrelated with the
2sHH exciton, and in full accord with the interwell exciton
of the heavy hole.
We determine the 2s21s splitting at B 5 0 by extrapo-
lating the 2s transition energies for B!0 by eye. The exci-
ton binding energy can therefore be estimated by multiplying
this splitting by a factor of 9/8, which is valid for a ideal
two-dimensional exciton.17 Thus, we find a binding energy
of the 1sHH exciton of '9 meV. This value is slightly
smaller than what we find for an isolated 80 Å quantum well
~11.5 meV! and is related to the superlattice effect. Further-
more, we resolve a splitting of the 2sHH and 2sLH states
into doublets. The splitting in energy of these doublets in-
creases linearly with B , and can therefore be attributed to
spin splitting. We also observed peaks in the PLE data of
Fig. 3 which have been labeled ILH in Fig. 4. This peak
shows a diamagnetic shift, which is found to be 80
meV/T2. The ILH peak extrapolates at zero magnetic field to
the continuum edge of the light hole state and is therefore
assigned to the light hole interwell exciton.
In summary, we have theoretically and experimentally
shown the presence of a distinct excitonic state above the 1s
exciton of a superlattice, which is spatially indirect in nature.
The state is similar to the interwell states of the Wannier-
Stark ladder. However, in the present case the Coulomb
forces alone are responsible for the localization of the state in
the absence of an applied electric field. These results provide
a fundamental insight into the optical properties of superlat-
tices and are expected to be important in the interpretation of
recent four-wave mixing experiments investigating Bloch os-
cillation from superlattices.
We would like to thank C.B. Sorensen for the sample
preparation and W. Langbein for many useful discussions.
This work was supported by the Danish Natural Science Re-
search Council, The Danish Research Academy, and the
Danish Center for Nanostructures – CNAST. V.B.T. ac-
knowledges financial support for this work from the Alex-
ander von Humboldt Foundation and the Russian Science
Foundation.
*Permanent address: Department of Physics, University of Florida,
Gainesville, FL.
†Permanent address: Institute of Microelectronics Technology, and
Superpure Materials, Chernogolovka, Russia.
1A. Chomette, B. Lambert, B. Deveaud, F. Cle´rot, A. Regreny, and
G. Bastard, Europhys. Lett. 4, 461 ~1987!.
2 J.J. Song, P.S. Jung, Y.S. Yoon, H. Chu, Y.-C. Chang, and C.W.
Tu, Phys. Rev. B 39, 5562 ~1989!.
3B. Deveaud, A. Chomette, F. Cle´rot, A. Regreny, J.C. Maan, R.
Romestain, and G. Bastard, Phys. Rev. B 40, 5802 ~1989!.
4H. Chu and Y.-C. Chang, Phys. Rev. B 36, 2946 ~1987!.
5H. Chu and Y.-C. Chang, Phys. Rev. B 39, 10 861 ~1989!.
6K. Fujiwara, K. Kawashima, T. Yamamoto, N. Sano, R. Cingo-
lani, H.T. Grahn, and K. Ploog, Phys. Rev. B 49, 1809
~1994!.
7K. Fujiwara, K. Kawashima, T. Yamamoto, and K. Ploog, Solid
State Electron. 37, 889 ~1994!.
8E.E. Mendez, F. Agullo`-Rueda, and J.M. Hong, Phys. Rev. Lett.
60, 2426 ~1988!.
9P. Voisin, J. Bleuse, C. Bouche, S. Gaillard, C. Alibert, and A.
Regreny, Phys. Rev. Lett. 61, 1639 ~1988!.
10K. Leo, P. Bolivar, F. Bru¨ggemann, and R. Schwedler, Solid State
Commun. 84, 943 ~1992!.
11H.G. Roskos, M.C. Nuss, J. Shah, K. Leo, D.A.B. Miller, A.M.
Fox, S. Schmitt-Rink, and K. Ko¨hler, Phys. Rev. Lett. 68, 2216
~1992!.
12G. Bryant, Phys. Rev. B 47, 1683 ~1993!.
13L.V. Butov, A. Zrenner, G. Abstreiter, A.V. Petinova, and K.
Eberl, Phys. Rev. B 52, 12 153 ~1995!.
14D. Birkedal, K. El Sayed, G. Sanders, V.G. Lyssenko, C. Stanton,
and J.M. Hvam, Il Nuovo Cimento 17D, 1359 ~1995!.
15G. Bastard, Wave Mechanics Applied to Semiconductor Hetero-
structures ~Les editions de Physique, Les Ulis, France, 1988!.
16B. Deveaud, F. Clerot, A. Chomette, A. Regreny, R. Ferreira, G.
Bastard, and B. Sermage, Europhys. Lett. 11, 367 ~1990!.
17M. Shinada and S. Sugano, J. Phys. Soc. Jpn. 21, 1936 ~1966!.
18D.C. Rogers, J. Singleton, R.J. Nicholas, C.T. Foxon, and K.
Woodbridge, Phys. Rev. B 34, 4002 ~1986!.
54 10 319BRIEF REPORTS
